Excited State Dynamics of Cold Protonated Cytosine Tautomers: Characterization of Charge Transfer, Intersystem Crossing, and Internal Conversion Processes by Broquier, Michel et al.
HAL Id: hal-02464341
https://hal.archives-ouvertes.fr/hal-02464341
Submitted on 4 Feb 2020
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.
Excited State Dynamics of Cold Protonated Cytosine
Tautomers: Characterization of Charge Transfer,
Intersystem Crossing, and Internal Conversion Processes
Michel Broquier, Satchin Soorkia, Gustavo Pino, Claude Dedonder-Lardeux,
Christophe Jouvet, Gilles Gregoire
To cite this version:
Michel Broquier, Satchin Soorkia, Gustavo Pino, Claude Dedonder-Lardeux, Christophe Jouvet, et
al.. Excited State Dynamics of Cold Protonated Cytosine Tautomers: Characterization of Charge
Transfer, Intersystem Crossing, and Internal Conversion Processes. Journal of Physical Chemistry A,
American Chemical Society, 2017, 121 (34), pp.6429-6439. ￿10.1021/acs.jpca.7b06423￿. ￿hal-02464341￿
 Excited State Dynamics of Cold Protonated Cytosine Tauto-
mers: Characterization of Charge Transfer, Inter System 
Crossing and Internal Conversion Processes 
Michel Broquier,1,2 Satchin Soorkia,1,2 Gustavo Pino,3 Claude Dedonder-Lardeux,4 Christophe 
Jouvet,4 and Gilles Grégoire1,2 * 
1 Institut des Sciences Moléculaires d’Orsay (ISMO), CNRS, Univ. Paris-Sud, Université Paris-Saclay, F-91405 Orsay, 
France  
2 Centre Laser de l’Université Paris-Sud (CLUPS/LUMAT), Univ. Paris-Sud, CNRS, IOGS, Université Paris-Saclay, F-
91405 Orsay, France 
3 Instituto de Investigaciones en Físico Química de Córdoba (INFIQC) CONICET – UNC. Dpto. De Fisicoquímica – 
Facultad de Ciencias Químicas – Centro Láser de Ciencias Moleculares – Universidad Nacional de Córdoba, Ciudad 
Universitaria, X5000HUA Córdoba, Argentina 
4 CNRS, Aix Marseille Université,  PIIM UMR 7345, 13397, Marseille, France 
 
ABSTRACT: Charge transfer reactions are ubiquitous in chemical reactivity and often viewed as ultrafast processes. For 
DNA, femtochemistry has undeniably revealed the primary stage of the deactivation dynamics of the locally excited state 
following electronic excitation. We here demonstrate that the full time scale excited state dynamics can be followed up to 
milliseconds through an original pump-probe photodissociation scheme applied to cryogenic ion spectroscopy. Protonat-
ed cytosine is chosen as a benchmark system in which the locally excited 1* state decays in the femtosecond range to-
wards long-lived charge transfer and triplet states with lifetimes ranging from microseconds to milliseconds, respectively. 
A three-step mechanism (1* → 1CT → 3*) is proposed where internal conversion from each state can occur leading 
ultimately to fragmentation in the ground electronic state. 
1. INTRODUCTION 
Photochemical damage to DNA by UV absorption is one 
of the main causes of possible mutagenic effect affecting 
the genetic material.1 It has been suggested that excited 
state dynamics of these heterocycles has played a decisive 
role in the natural selection of the building blocks of life.2 
The excited state dynamics of DNA have indeed received 
much attention in the past thanks to the continuous ad-
vances in ultrafast spectroscopic techniques3 and compu-
tational methodologies.4,5 We shall refer the reader to the 
recent review articles (ref. 4 and 5) to get an exhaustive 
list of condensed- and gas-phase studies on DNA photo-
chemistry. The excited state photo physics of single nu-
cleosides and nucleotides have been investigated in aque-
ous solution, pointing out to an ultrafast, sub-picosecond 
deactivation dynamics.6,7 Such ultrafast process is totally 
consistent with the very low fluorescence quantum yield 
of DNA nucleosides, about 10-4, measured through steady-
state spectroscopy.8 For cytosine (Cyt), the initially ac-
cepted mechanism is ascribed to direct relaxation to the 
ground electronic state through 1*/S0 conical intersec-
tion (CI) with low triplet quantum yield (< 0.01).9 Howev-
er, significant solvent effects have been questioned in the 
radiationless decay by nucleobases, including relative 
stabilization of the bright 1* state compared to “dark” 
charge transfer (CT) states and fast intermolecular energy 
transfer to the solvent.4,5,7,10 Besides, in single- and dou-
ble-stranded oligonucleotides, lifetimes ranging from tens 
of picosecond to nanoseconds have been reported.11 These 
long-lived excited states have generally charge transfer 
character with very low fluorescence yield, making them 
difficult to detect in condensed phase through ultrafast 
fluorescence up-conversion technique.12 
From these seminal works, many gas phase studies have 
then been devoted to address the possible mechanism 
responsible for the ultrafast nonradiative process in DNA. 
Femtosecond time-resolved photoelectron13 and mass-
selected ionization spectroscopy14–17 have been conducted 
on bare cytosine using different pump (from 300 nm to 
260 nm) and probe wavelengths (800 nm, 400 nm or 200 
nm). Because of the lack of tautomer selection and the 
large excess energy brought by the fixed pump wave-
length, the femtochemistry of Cyt was somehow difficult 
 to rationalize. In overall, the femtosecond experiments 
have revealed multiexponential decay components with 
different weights and lifetimes ranging from 50 fs to few 
ps plus a possible long time component that cannot be 
firmly assigned within the experimental time window. 
Besides, charge transfer and triplet states require smaller 
probe wavelength than the one used for ionization from 
the 1*, so the recorded ionic transients might be blind 
to the dynamics towards these low-lying states. 
An active debate is still ongoing to decipher which reac-
tion path should be the most important to access the 
ground state, either through direct 2-fold (*/S0) or 3-
fold (*/n*/S0) degeneracy.18,19 The picture is getting 
even more obscure when looking at the results of nonadi-
abatic dynamics20–22 with explicit account of spin-orbit 
coupling (SOC).23 In almost all cases, the time constants 
extracted from the dynamical studies emphasize an ultra-
fast (subpicosecond) relaxation both to the ground state 
(independently of the 2 or 3 steps mechanism) and to 
triplet states. These dynamics are always started following 
vertical excitation from the ground state, i.e. in the high 
energy region (about 0.5 eV of excess energy) of the PES. 
So the calculated time constants and deactivation paths 
are relevant for comparison with the fs experiments (in 
which the excess energy in large), but do not apply to the 
deactivation from the vibrationless 1* minimum struc-
ture. Very recently, S. Blaser et al.24 indeed measured the 
dependence of the S1 (1*) state vibronic level lifetimes of 
keto Cyt through a picosecond pump-probe ionization 
scheme, revealing a lifetime of 730 ps at the band origin 
(BO), i.e. a thousand time longer than at higher energy. 
They also estimated the IC and ISC rates for keto Cyt for 
the low-lying vibronic levels of the 1* state.25 IC rate 
constants are 20-50 times faster than the corresponding 
ISC rates that are predicted at about 109 s-1, but still way 
smaller than the ones calculated at larger excess energy. 
ISC was previously suggested for Cyt by E. Nir et al.26 who 
observed a long time component of 290 ns in the 2-color 
photoionization signal. 
Chart 1. Chemical structure and heavy atom number-
ing of the keto CytH+ (protonation on N3) and enol 
CytH+ (protonation on N1). 
 
All these experimental and theoretical results emphasize 
the need to study photo chemical reaction in well con-
trolled conditions. Cryogenic ion spectroscopy indeed 
fulfills such requirement.27,28 These spectroscopic studies 
rely on action spectroscopy, in which the absorption of 
UV photon promotes the system in the excited state that 
ultimately leads to fragmentation.29,30,31 Cryogenic ion 
spectroscopy allows deciphering the lowest energy con-
formers through their energy-resolved vibronic spectra. 
Besides, cold ion traps offer the unique opportunity of 
extending the experimental time window for time-
resolved dynamics over seconds as compared to what can 
be done for neutral molecules streamed in supersonic 
expansion.29-31  
Although the deactivation mechanisms in protonated 
nucleobases cannot be directly compared to those ex-
pected in neutrals, in both cases, the locally excited 1* 
state lies in close proximity to low-lying CT and triplet 
states. Since protonation occurs at the nitrogen site, the 
photodynamical process should be simplified as com-
pared to neutral Cyt due to the absence of nN* state in 
keto CytH+(Chart 1). It is worth mentioning that the ener-
gy of the adiabatic transition to the bright 1* state of 
Cyt is not really affected by protonation, as reported by 
Berdakin et al.35 In the present paper, we report the full 
timescale excited state dynamics of protonated keto and 
enol cytosine (CytH+) through pump-probe photofrag-
mentation spectroscopy. The time-resolved dynamics has 
been followed over ten decades, providing the complete 
deactivation process following electronic excitation. The 
lifetimes of the locally excited 1* state, charge transfer 
1n* states and triplet 3* states have been determined 
for both tautomers in the 100 fs, µs and ms time ranges, 
respectively. Geometry optimization and frequency calcu-
lations of the singlet and triplet states have been per-
formed at the coupled-cluster CC2 level to assign the 
adiabatic excited state structures and to propose a general 
mechanism of deactivation to the ground state leading 
ultimately to fragmentation. 
2. EXPERIMENTAL AND THEORETICAL 
METHODS 
The experiments have been conducted at the Centre Laser 
of the Université Paris Sud (CLUPS) in Orsay. The exper-
imental setup has been previously presented,36 which 
comprises an electrospray ion source (ESI), a 3D-
quadrupole ion trap QIT (Jordan TOF, Inc.) mounted on a 
cold head of a compressed helium cryostat that maintains 
the temperature around 10-15 K and a linear time-of-flight 
mass spectrometer. The stored ions are thermalized 
through collisions with helium buffer gas introduced in 
the QIT by a pulsed valve (General valve, series 9) trig-
gered a few ms before. The photodissociation UV laser, 
operated at 10 Hz, is shined into the trap after 40 ms to 
ensure complete cooling of the ions and pumping of the 
buffer gas. All the ionic fragments and parent molecules 
are extracted and accelerated for mass-analysis in a linear 
time-of-flight mass spectrometer and detected with micro 
channel plates (Z-Gap, Jordan TOF, Inc.) The resonant 
absorption of the UV laser is reflected by the observation 
of ionic fragments at lower masses. Action spectra are 
recorded by scanning the laser frequency and monitoring 
each ionic fragment signals normalized by the intensity of 
laser and the parent ion signal. 
Three types of electronic spectroscopy have been per-
formed: (i) the vibrationally-resolved spectroscopy of the 
locally excited state through 1-color excitation scheme 
(UV only) (ii) the fragmentation kinetics of these frag-
ment ions (iii) the time-resolved dynamics continuously 
 monitored from picosecond to millisecond time scales 
through a 2-color pump-probe excitation scheme. The 
combination of these experiments done on the same ma-
chine allows us to follow the complete dynamics in the 
excited and ground states on more than ten decades: 
In the ground state, the fragmentation kinetics following 
internal conversion is followed from one hundred of na-
noseconds to tens of milliseconds by delaying the extrac-
tion of the fragment ions from the photodissociation UV 
laser. The time resolution, in the order of one hundred of 
ns, is limited by the rise time of the high voltage pulser. 
In the excited state: (1) the sub-picosecond lifetime is 
deduced from the linewidth broadening of the vibronic 
spectrum (1-color). This is a perfectly effective measure-
ment since (i) the inhomogeneous broadening and the 
laser bandwidth are much smaller than the linewidth (ii)  
the bare ions are cold without internal energy, avoiding 
spectral congestion due to low vibrational modes. (2) the 
picosecond timescale is investigated through a picosec-
ond pump-probe photodissociation scheme using an 
optical delay line (3) the longer time scale from ten nano-
seconds continuously up to tens of milliseconds is 
achieved in a pump-probe photodissociation scheme with 
two lasers electronically synchronized. More detail on the 
laser systems can be found in Supporting Information. 
Ab initio calculations have been done with the Turbomole 
program package37 (v6.6) making use of the resolution-of-
identity approximation.38 Equilibrium geometries and 
vibrational frequencies in the ground electronic state S0, 
singlet and triplet excited states have been calculated at 
the coupled-cluster CC2 level39 with correlation-
consistent polarized double zeta aug-cc-pVDZ basis set 
augmented with diffuse functions.40 True minima of the 
potential energy surface are systematically checked by 
looking at possible imaginary frequencies. In that case, in 
order to escape from the transition state minimum, the 
structure is distorted along the normal mode having a 
negative frequency (screwer module in Turbomole) and 
further optimized, leading to the stable structure without 
imaginary frequency. 
3. RESULTS 
3.1. Vibronic spectrum and fragmentation kinet-
ics through 1-color excitation scheme 
The UV photodissociation mass spectrum of protonated 
cytosine CytH+ (m/z 112) is reported in figure 1a along 
with its electronic spectrum from 306 nm to 250 nm (Fig-
ure 1b). The electronic spectrum, averaged on all frag-
ments (m/z 95, 94 and 69), is similar to the one obtained 
with nanosecond laser by Berdakin et al.32 This electronic 
spectrum consists of two sets of vibronic progression 
reflecting the presence of two tautomers which have been 
previously assigned to the excitation of the locally excited 
* state that bears the oscillator strength for UV excita-
tion of the keto and enol tautomers of CytH+. The first 
intense transition at 32940 cm-1 is the band origin (BO) of 
the * state of the keto form while the enol tautomer has 
its BO at 37300 cm-1, i.e. 0.54 eV to the blue. Broadening of 
the vibronic transition is clearly observed with full width 
at half maximum (FWHM) of 40 cm-1 for the keto form 
and 55 cm-1 for the enol tautomer, reflecting a short excit-
ed state lifetime in the range of 130 and 100 fs, respective-
ly.35,41 
 
Figure 1. (a) UV Photodissociation (1-color) mass spectrum 
of CytH+; (b) vibronic spectrum of CytH+ from 306 nm to 250 
nm averaged on the sum of the primary fragments. The two 
arrows indicates the band origin (BO) of the keto and enol 
tautomers. 
Three main fragmentation channels are detected at m/z 
95 (NH3 loss), m/z 94 (H2O loss) and m/z 69 (HNCO loss) 
for both CytH+ tautomers. Their kinetics of fragmentation 
is the same for all ions. The evolution of the fragmenta-
tion time as a function of the excitation energy (UV) is 
reported in Supporting Information (Figure SI1). The 
kinetics of fragmentation is 27 ± 2 µs at the BO of the keto 
tautomer and continuously decreases as the excitation 
energy increases down to less than 200 ns at the BO of the 
enol tautomer. Above this excess energy, the fragmenta-
tion kinetics is too fast to be accurately measured with 
our time resolution. These primary fragments are also 
observed through low-energy collision-induced-
dissociation.42 Theoretical calculations indeed predict 
that ammonia loss and HNCO loss are produced after 
ring cleavage reaction of the N3-C2 bond43 (see chart 1 for 
atom labeling) through a transition state (TS8 in ref 43) 
which is the rate determining step of the fragmentation 
process. We have calculated at the B3LYP/6-311++G(d,p) 
level the energetics following this path and have estimat-
ed its kinetics through RRKM modeling. The result re-
ported in Figure SI1 closely matches the measured frag-
mentation times of CytH+. Such simple modeling should 
be taken with care for a quantitative prediction, it never-
theless provides a qualitative picture of the kinetics of 
fragmentation. The main outcome is that photofragmen-
tation must occur in the ground electronic state after 
internal conversion. 
3.2. Photodissociation excited state dynamics 
through 2-color excitation scheme 
In such experiment,32,36 the pump laser is tuned to a vi-
bronic transition of the electronic spectrum, creating a 
population in a specific vibrational level of the locally 
excited state (*) that evolves in time leading ultimately 
to dissociation of the parent molecule. It is worth men-
tioning that a special attention has to be paid to the 
choice of the probe photon wavelength. The 355 nm 
probe laser used in this experiment fulfills the two follow-
 ing conditions: (i) absorption can only occur from an 
electronic excited state of the parent ion to promote the 
initial population into a higher electronic excited state 
before internal conversion to the ground state occurs. It 
implies that “hot” ground electronic state does not absorb 
at 355 nm. This has been checked by using different probe 
wavelengths of the ps OPO laser from 450 to 600 nm 
without notable changes in the recorded transients (ii) 
The probe laser cannot be absorbed by the primary frag-
ment issued from the UV excitation. For CytH+, all the 
primary fragment (m/z 95, 94 and 69) are closed-shell 
species with electronic transition in the UV range below 
260 nm.  
The time evolution of the initially excited state popula-
tion (pump) can be monitored through absorption of the 
probe photon delayed in time as long as it induces a 
change in the fragmentation branching ratio. The varia-
tion of the fragmentation branching ratio upon absorp-
tion of the probe laser is related to the change in the 
fragmentation efficiency or/and opening of new fragmen-
tation channels of the parent ions. The broadening of the 
vibronic bands of CytH+ reveals a sub-picosecond lifetime 
of the locally excited * state, which precludes to meas-
ure its dynamics with our picosecond laser (16 ps time 
resolution). Interestingly, we do observe a 2-color photo-
fragmentation signal, with a decrease of the fragmenta-
tion yield on the primary fragment ions at m/z 95, 94 and 
69 along with the concomitant increase of the fragmenta-
tion signal detected on secondary fragment channels at 
m/z 68, 40 and a net increase of the fragmentation yield 
at m/z 42 that was barely seen through 1-color excitation 
(pump only). The absorption of a probe photon leads to 
an increase of the internal energy of the parent ion that 
can then undergoes secondary fragmentation. 
The fragmentation yield of CytH+ through 2-color is the 
same as through 1-color. This implies that the excited 
population (pump) that would initially decay to form the 
primary fragments is promoted to higher excited states 
(probe) leading to new fragments. The 2-color signal has 
been recorded over ten decades of pump-probe delays. 
Besides, the amplitude of the depleted signal on the pri-
mary fragments (UV only) is at least 50% of the total 
fragmentation yield. This definitively indicates that more 
than half of the initially created excited state population 
responsible for the 1-color fragmentation signal evolves in 
the excited state potential energy surface (PES) for milli-
seconds. The analysis of the transients will reveal the 
lifetime of the electronic excited states responsible for the 
deactivation process following electronic excitation in 
CytH+. 
Independently of the time scale, the transients S(t) rec-
orded on each fragmentation channel are fitted by the 
sum of exponential decay and growth functions, starting 
at zero delay time t0, with the same time constant  but 
with different weights. As stated before, these transients 
do not contain contribution from hot electronic ground 
state populated after IC. This model fitting function in-
deed depicts a simple kinetics scheme in which the popu-
lation of state 1 (P1) decays with a time constant to a 
second excited state 2 (population P2). Each population Pi 
absorbs a 355 nm probe photon with an absorption cross 
section i that leads to specific ionic fragments (with Ai = 
i × Pi). This leads to eqn (1): 
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in which A0 is the background signal before time t0 (UV 
photofragmentation only). Finally, this function is convo-
luted by a Gaussian function of width l0 to account for the 
finite temporal profile of the laser beams (cross correla-
tion of 16 ps for the picosecond lasers and 10 ns when 
using the nanosecond probe laser). For a given excitation 
energy associated with a time constant , the only adjust-
able parameters are the amplitudes Ai. 
The time evolution of the fragmentation yield on each 
fragmentation channel has been recorded for a set of 
pump wavelengths resonantly tuned to specific vibronic 
transitions for both keto (Figures 2-3) and enol (Figures 4 
and SI2) tautomers. In all cases, the transients reported 
for the primary fragments are average of the signals rec-
orded at m/z 95, 94 and 69, while the transients reported 
for the secondary fragments are average of the signals 
recorded at m/z 68, 42 and 40.  
 
Figure 2. Photodissociation excited state dynamics averaged 
on the primary (top) and secondary (bottom) fragmentation 
channels as a function of the excess energy above the BO for 
keto CytH+ for the first 1.5 ns. 
In figure 2, the transient signals at several excitation 
wavelengths of the keto tautomer are monitored during 
the first 1.5 ns, the maximum time delay that can be 
reached with the optical delay line used with the two 
picosecond beams. It can be readily checked that the 
associated decays decrease with the excess energy, are in 
the nanosecond range but longer than the maximum time 
delay, therefore the time constants cannot be deduced 
confidently.  
In figure 3, the same transients are reported for a much 
longer time delay. Up to 100 µs (Figure  3a), the observed 
decay can be confidently fitted by eqn (1) (red line) with a 
time constant of 20 ± 2 µs at the BO of the CytH+ keto 
tautomer plus a long-lived component with lower intensi-
ty (green line) that stays constant on the 100 µs time 
scale. The evolution of the excited state lifetime 
(logarithm scale) with the excess energy above the BO 
of the keto conformer is reported in Figure 3b and exhib-
its a linear decrease down to 4 µs at 2500 cm-1 of excess 
 energy. Because of the constant signal recorded at the µs 
time scale, the time-resolved photofragmentation yield 
has been monitored on the millisecond time range (Fig-
ure 3c) and clearly exhibits a monoexponential decay 
signal with a time constant in the range of 14 ms. Here, 
the amplitude of the 2-color signal is low and can only be 
detected on the background-free secondary fragments. 
 
Figure 3. Photodissociation excited state dynamics for keto 
CytH+ (a) at the BO for the first 100 µs. Full fit (red), expo-
nential decay (blue) and exponential growth (green) func-
tions with same time constant . (b) Evolution of the time 
constant  recorded as a function of the excess energy above 
the BO. (c) same as (a) for the long time constant up to 20 
ms. 
 
Figure 4. Photodissociation excited state dynamics for enol 
CytH+ (a) at the BO for the first 7µs. Full fit (red), exponen-
tial decay (blue) and exponential growth (green) functions 
with same time constant . (b) Evolution of the time constant 
 recorded as a function of the excess energy above the BO. 
(c) same as (a) for the long time constant up to 20 ms. 
For the enol tautomer, the same procedure has been ap-
plied. The transients recorded on the 1.5 ns time scale do 
not exhibit any time evolution (step-like function, see 
Figure SI2) whatever the excitation wavelengths. On the 
µs time scale (Figure 4a), a time constant of 1.5 µs has 
been deduced from eqn (1) at the BO plus a long-lived 
component (green line). The evolution of the excited 
state lifetime with the excess energy from the BO is re-
ported in Figure 4b and shows a linear decrease (loga-
rithm scale) as the excess energy increases down to 800 
ns at 2000 cm-1 above the BO. The transients recorded on 
the millisecond time scale (Figure 4c) show a monoexpo-
nential decay with a time constant of 10 ms at the BO and 
5 ms 2000 cm-1 above. For the enol tautomer, the ampli-
tude of the 2-color signal for the long delays is larger, 
which allows following the excited state lifetime on both 
the primary and secondary fragmentation channels. 
The overall excited state dynamics of the keto and enol 
CytH+ tautomers share similarities. The locally excited 
* state decays in the sub-picosecond time scale, accord-
ing to the spectral band broadening, towards a second 
excited state. For keto CytH+, the lifetime of this excited 
state is in the range of 20 µs to 4 µs depending on the 
excess energy imparted in the * state. For enol CytH+, 
the lifetime is reduced to 1.5 µs at the BO down to 800 ns 
2000 cm-1 above. As it will be explained below, the states 
are assigned to charge transfer (CT) states of different 
electronic characters for the two tautomers. For both 
tautomers, a long-lived component with time constant in 
the 10 ms range is clearly seen, and will be assigned to the 
lifetime of the triplet state following intersystem crossing 
(ISC).  
4. DISCUSSION 
4.1. Vertical excited state calculations 
Ab initio coupled-cluster (CC2/aug-cc-pVDZ) calculations 
have been performed on the electronic excited states of 
the keto and enol tautomers of CytH+. Although many 
theoretical papers have been devoted to neutral cytosine,5 
a very few have been undertaken for the protonated ana-
logue.35,41 In the ground state, at this theoretical level, the 
most stable tautomer is the enol form while the keto 
tautomer is calculated 0.2 kcal/mol higher (E+ZPE). As 
already reported, both tautomers are detected through 
cryogenic ion spectroscopy with clearly distinguished 
band origins at 4.08 eV and 4.62 eV for the keto and enol 
tautomers, respectively. The assignment of the electronic 
transitions has been partially performed elsewhere.41 In 
the present study, geometry optimizations and frequency 
calculations of the different electronic excited states, 
including the * state, charge transfer states and triplet 
states, have been performed. The overall very good accu-
racy of the CC2 method to predict the adiabatic transition 
energies has already been discussed in detail31,44 with an 
averaged error of about ± 50 meV, which definitively al-
lows a firm assignment of the electronic configuration of 
the different excited states and their optimized structures. 
However, such mono configurational method cannot, by 
definition, treat the electronic couplings and curve cross-
ings. The present calculations are thus relevant to provide 
the energies of the different minima of the excited state 
potential energy surface (PES). 
The vertical excited state energies are reported in Table 
SI1 along with the corresponding molecular orbital (MO) 
representation. These vertical transitions and the order-
ing of the excited states are somehow meaningless for 
comparison with the experimental band origins. It never-
theless gives a rough picture of the electronic configura-
tion of the excited states at the ground state optimized 
structure that will be used for further optimizations. In 
the ground electronic state, both keto and enol tautomers 
belong to the Cs point group in a planar geometry. For 
both tautomers, the first excited state corresponds to 
* transition with high oscillator strength for optical 
 excitation (A’). In the keto form, S2 is a nO * transition 
of A’’ symmetry, 0.78 eV above the S1 state, with very weak 
oscillator strength as expected for a charge transfer state. 
For the enol tautomer, the second excited state is also a 
* state while the first charge transfer state (S3) is calcu-
lated 0.73 eV above the bright S1 state, and corresponds to 
a transition from the nN3 lone pair orbital to the antibond-
ing * orbital of the aromatic ring.  
4.2 Adiabatic excited state calculations at the 
Franck-Condon region (Cs symmetry) 
Geometry optimizations and frequency calculations of the 
locally excited * state and energy calculations of the 
charge transfer states (nO* for keto CytH+ and nN* for 
enol CytH+) at the optimized geometry of the * state 
have first been performed while keeping the Cs symmetry 
in order to stay close to the Franck-Condon active region 
(Table 1). For both CytH+ tautomers, these excited state 
structures are saddle points of the PES since one or more 
imaginary frequencies have been found. For the * state, 
it is totally consistent with the short excited state life-
times deduced from the line broadening of the vibronic 
spectra. These modes are out-of-plane bending motions 
of the NH2 and CH groups with calculated frequencies in 
the range of -40 to -400 cm-1 (see Figure SI3). Therefore, 
the vibrationless adiabatic transitions cannot be accurate-
ly calculated, but can be estimated by taking an average of 
the difference in zero point energy between the ground 
and excited states (-0.15 eV) that we have deduced in 
previous studies on related systems.30,37 For both tauto-
mers, the adiabatic transitions of the bright * state are 
then predicted within 80 meV or less to the experimental 
band origins, which is in line with the expected error of 
the CC2 method. It should be stressed here that both keto 
and enol tautomers can be univocally assigned through 
their calculated adiabatic energy transitions. Besides, 
there are some striking differences between the two tau-
tomers.  
Table 1. Calculated energy transitions of singlet and 
triplet states of keto and enol CytH+ (CC2/aug-cc-
pVDZ) at the Cs 1* optimized structure (Franck-
Condon active region). In bold, calculated 1* adia-
batic energy compared to the experimental BO of the 
1* state. All values in eV. 
Molecules States Energy 000 exp 
Keto CytH+ 
T1 : 3* (A’) 3.69  
T2 : 3nO* (A’’) 4.03  
S1 : 1nO* (A’’) 4.05  
S2 : 1* (A’) 4.15 (4.00) a 4.08 
Enol CytH+ 
T1 : 3* (A’) 3.89  
S1 : 1* (A’) 4.79 (4.64) a 4.62 
T2 : 3* (A’) 5.02  
S2 : 1* (A’) 5.87  
S3 : nN* (A’’) 6.27  
a Adiabatic 000 energy corrected by ZPE = - 0.15 eV (see text) 
 
For keto CytH+, at the optimized structure of the bright 
* state (Cs symmetry), the nO* charge transfer state 
becomes the lowest energy minimum, 0.10 eV below (Fig-
ure 5). We have also calculated the energy of the triplet 
states at this structure (Table 1). The lowest triplet state is 
the 3* state, and T2 is the 3nO*, calculated 0.12 eV be-
low the 1* state. Due to the unpaired electrons of the 
oxygen lone pair and orbital of the ring, the energies of 
the singlet and triplet charge transfer states are almost 
degenerated. Besides, we have optimized the structure of 
the 1nO* state while keeping the Cs symmetry. The state 
is further stabilized and lies 0.4 eV below the locally ex-
cited state.  
For enol CytH+, the situation is different since at the op-
timized structure of the singlet 1* (Cs symmetry), the 
corresponding 3* triplet state is the only state which 
lies below, at 0.9 eV. Since the optimized 1nN* charge 
transfer state (S3 state, lowest A’’ state) lies 0.38 eV above 
the 1*, it is not expected to play a role in the deactiva-
tion process in enol CytH+. However, it should be pointed 
out that for the 1* state, there is a non-negligible elec-
tron density on the  orbital of the amino group, i.e. on 
the lone pair orbital of the nitrogen (Figure 6). This is 
exactly what is found in the case of protonated p-
aminopyridine that undergoes a twisted intramolecular 
charge transfer (TICT) following electronic excitation of 
the 1* state.33 As we will show below, the same process 
is proposed for enol CytH+. 
4.3. Excited state lifetimes of the charge transfer 
states and triplet states 
In order to escape from these transition state structures, 
geometry optimizations without symmetry constraint 
have been performed (Table 2). In each case, the molecule 
is first distorted along the imaginary out-of-plane mode 
before being optimized.  
Table 2. Calculated adiabatic energy transitions of 
singlet and triplet states of keto and enol CytH+ 
(CC2/aug-cc-pVDZ) for several excited state opti-
mized structures. Energies corrected by the differ-
ence in zero point energy between the excited and 
ground states. All value in eV. 
Molecules (spin state) Optimized States 000 calc 
Keto 
(singlet) 
1nO* 3.44 
CO* 3.91 
Keto 
(triplet) 
* 3.25 
3nO* 3.43 
Enol 
(singlet) 
1nNH2* 4.22 
Enol 
(triplet) 
* 3.52 
* 3.56 
 
For keto CytH+, this leads to the adiabatic minimum with 
CT nO* electronic character, 0.56 eV below the calculat-
ed * transition at the FC active region (Cs symmetry). 
 This CT state is the adiabatic S1 state without imaginary 
frequency. The molecule has undergone a large structural 
change with a twist of the amino group out of the plane of 
the aromatic ring (Figure 5). The amino nitrogen has now 
a sp3 hybridization with its lone pair pointing toward the 
protonated nitrogen. In this structure, the S2 state is a 
CO* transition, the electron density of the occupied 
orbital being mostly centered on the  orbital of the car-
bonyl group, with much less electron density in the  
orbital of the aromatic ring. S2 however closely resembles 
the initial * with a partial charge transfer configuration. 
Geometry optimization of the S2 CO* state does not lead 
to large structural change as compared to the optimized 
structure of the nO* state. S2 CO* is also a minimum of 
the PES and its adiabatic energy (corrected by the ZPE) 
is calculated 0.09 eV below the adiabatic energy of the 
locally excited * state at the FC geometry. Finally, the 
3* triplet state adiabatic energy is 0.2 eV below the 
singlet and the triplet nO* states that are degenerated. 
The optimized structure of the T1 3* state leads to a 
slightly bent cytosine ring (along the N3-C6 axis) with the 
amino group twisted back to the plane of the aromatic 
ring (Figure 5) while the T2 3nO* retains the structure of 
the singlet state. 
 
Figure 5. Excited state optimized structures of keto CytH+ 
along with the corresponding frontier molecular orbitals 
involved in the different excited states. 
 
Figure 6. Excited state optimized structures of enol CytH+ 
along with the corresponding frontier molecular orbitals 
involved in the different excited states. 
The barrierless process is totally consistent with the fs 
lifetime of the locally excited 1* state. In the course of 
the CT reaction, a two-step deactivation of the * state 
might occur. Experimentally, the nanosecond transient 
recorded for keto CytH+ (Figure 2) might be assigned to 
the excited state lifetime of the S2 CO* state that decays 
to the adiabatic S1 nO* state with lifetimes in the µs time 
range. The millisecond transient recorded for keto CytH+ 
is assigned to the excited state lifetime of the 3* triplet 
state which is energetically accessible from the adiabatic 
minimum of the singlet PES (1no*).  
For the enol tautomer, the adiabatic minimum structure 
of the singlet excited state corresponds to the TICT state 
with the amino group twisted by 90° and bent out of the 
plane of the aromatic ring by 14° (Figure 6). This structure 
is a true minimum of the PES. This state has a charge 
transfer character, characterized by a transfer of the elec-
tronic density from the lone pair orbital of the NH2 group 
to the * orbital of the aromatic ring. The adiabatic tran-
sition energy of the 1nNH2* state is calculated 0.42 eV 
below the calculated * band origin (Table 2). After UV 
excitation in the FC active region (Cs symmetry), the 
locally excited * state evolves into the CT 1nNH2* in the 
course of the twist motion. It is worth mentioning that no 
other low-lying singlet excited state is predicted by the 
CC2 calculation whereas low-lying triplet states are. The 
lowest triplet state is a 3* state, 0.7 eV below the degen-
erated singlet and triplet CT states. 
The barrier free twisting motion leading to the TICT is 
compatible with the fs dynamics deduced from the 
broadening of the UV spectrum.  The 1.5 µs decay record-
ed for enol CytH+ (Figure 4) is assigned to the lifetime of 
this TICT state. The millisecond transient recorded for 
enol CytH+ is assigned to the excited state lifetime of the 
triplet 3* state which is accessible from the adiabatic 
minimum of the PES (TICT state 1nNH2*). It should be 
stressed that the lifetimes of the TICT state and triplet 
state in enol CytH+ are similar to those measured in pro-
tonated p-aminopyridine that also evolves to the TICT 
1nNH2* and 3* states.33 
4.4. Deactivation processes in the excited state 
potential energy surface  
Both CytH+ tautomers undergo ISC following initial elec-
tronic excitation of the 1* transition state which has 
sub-picosecond lifetime. Direct ISC from the locally excit-
ed 1* state to the lowest triplet 3* state would thus 
require very high singlet-triplet interactions in order to be 
effective with kISC≈ 1013 s-1. Such high ISC rate constant for 
El-Sayed forbidden transition is unrealistic.45 However, 
ISC is energetically and symmetry allowed according to 
El-Sayed rules46 from CT states to the 3* state. 
For enol CytH+, at the FC region, the two lowest excited 
states are the 1* and 3* states, 0.9 eV below, so direct 
ISC is not thought to occur within the 100 fs lifetime of 
the locally excited state. The adiabatic singlet state, 0.4 eV 
below the 000 transition, corresponds to the 1nNH2* TICT 
state which has a 1.5 µs lifetime at the 000 (1*) excitation 
energy. Populating the triplet 3* state from such a long-
lived CT state does not require high ISC rate. So the pro-
 posed mechanism for the triplet formation in enol CytH+ 
is a sequential process following 1* → 1nNH2* → 3*.  
For keto CytH+, we propose a similar sequential mecha-
nism, the only difference being the ordering of the low 
excited states in the FC region. The bright 1* state is 0.4 
eV above the adiabatic S1 1nO* state that is degenerated 
with its triplet state. Although 1* → 3nO* intersystem 
crossing would be allowed according to El-Sayed rules 
between states of different symmetries, ISC rate should be 
larger than 1013 s-1 to compete with the 1* → 1nO* pro-
cess. Here again, since the 1nO* state has a 20 µs lifetime 
at the 000 (1*) excitation energy, we suggest that the 
dominant ISC mechanism of keto CytH+ is the sequential 
1* → 1CO* → 1nO* → 3* process.  
It should be stressed that an experimental evidence for 
ISC process in neutral keto Cyt has been already reported 
by de Vries et al.26 and Leutwyler et al.25,47 In the latter 
studies, the authors quantify the rate constant kISC≈ 109 s-1 
for the direct 1* (S1) → 3* (T1) process and a larger 
one, in agreement with El-Sayed rules, for the symmetry 
allowed mechanism kISC≈ 1010 s-1 for 1* (S1) → 3n* (T2). 
The unexpected high ISC rate for symmetry-forbidden 
transition (S1-T1) is caused by a substantial mixture of 
1nO* character into the adiabatic 1* state with has a 730 
ps lifetime at the band origin.24 In CytH+, the sub-
picosecond 1* lifetime clearly precludes direct ISC pro-
cess from the locally excited state to occur with a substan-
tial quantum yield. 
4.5. Deactivation pathways to the ground state 
In CytH+, fragmentation following UV excitation is ener-
getically open only in the ground electronic state after 
internal conversion. There is no direct dissociation in the 
excited state as found in protonated tryptophan48,49 and 
aromatic amine30 for instance where a dissociative * 
excited state is coupled to the locally excited state. So the 
main questions are (i) from which states IC to the ground 
state occurs and (ii) can we quantify their rates?  
 
Figure 7. Schematic PES, excited state lifetimes and pro-
posed deactivation mechanisms to the ground state for keto 
and enol CytH+.  
Three different excited states are in play in the photo-
fragmentation process of CytH+ (see Figure 7): the 1* 
state which bears the strength for optical excitation and 
two dark CT and triplet 3* states. Each of these three 
states have quite different lifetimes, from sub-picosecond 
to µs up to ms, respectively, which allows unravelling 
their specific contributions in the deactivation process. 
Experimentally, the amplitude of the 2-color signals in-
deed provides a qualitative information on the IC yield. 
When looking to the dynamics on the CT states (µs time 
scale), the depletion of the primary fragmentation yield 
through the absorption of the probe photon accounts for 
about half the UV only fragmentation signal. The absolute 
cross section absorption of the probe photon cannot be 
easily estimated, but it is unlikely that 100 % of the initial 
excited state population being promoted to higher excited 
states in the 2-color scheme. Even within this hypothesis, 
we can confidently assume that at least, the quantum 
yield for deactivation of the 1* to the CT states is larger 
than 0.5 for both tautomers.  
For enol CytH+, at the band origin, the fragmentation 
time recorded on the primary fragments are faster by 
almost one order of magnitude than the excited state 
lifetime of the CT state. This clearly indicates that part of 
the initially excited * state population returns to the 
ground state within 100 fs. For keto CytH+, independently 
of the excess energy brought by the UV excitation, the 
recorded fragmentation times closely match the corre-
sponding excited state dynamics, i.e. in the 20-4 µs time-
scale. RRKM calculations predict a similar timescale for 
the fragmentation in the ground state after internal con-
version, so we cannot disentangle if the recorded kinetics 
of fragmentation is strictly the time-resolved dissociation 
or the convolution of the deactivation process from the 
CT state to the ground state leading to the dissociation.  
Interestingly, a long time fragmentation kinetics has been 
recorded for both tautomers (Figure SI4), with a time 
constant in the range of 20 ms that is similar to the excit-
ed state lifetime of the triplet states. Because the frag-
mentation channels are the same independently of the 
time scale, the measured long fragmentation times simply 
reflects the deactivation dynamics of the triplet state 
through ISC to the ground state which thus dissociated 
within few µs. The amplitude of the fragmentation yield 
at long time scale is at least twice the one recorded at the 
µs time scale, which reveals that more than 50 % of the 
CT state population goes to the triplet state which then 
decays through ISC to the ground state leading to the 
observed long time fragmentation events (Figure SI4). 
This proposed mechanism indeed suggests that for enol 
CytH+, ground state repopulation from both the 1*, CT 
and triplet 3* states occurs. For keto CytH+, ISC from 
the triplet 3* to the ground state accounts for 50% of 
the primary fragmentation signal. However, we cannot 
disentangle the IC process directly from the 1* state or 
from the CT state. 
5. CONCLUSIONS 
Using a combination of cryogenic ion photofragmenta-
tion spectroscopy and time-resolved excited state dynam-
ics, the full time scale dynamics of excited protonated 
cytosine have been deciphered and the deactivation pro-
cesses have been assigned through comparison with ab 
 initio calculations at the CC2/aug-cc-pVDZ level includ-
ing singlet, triplet excited state geometry optimizations 
and frequency calculations. For the keto and enol tauto-
mers, the locally excited * state is a saddle point of the 
PES, in total agreement with the sub-picosecond lifetime 
(about 150 fs) deduced from the line broadening of the 
vibronic spectrum. Although the deactivation mecha-
nisms in protonated nucleobases cannot be directly com-
pared to those expected in neutrals, in both cases, the 
locally excited 1* state lies in close proximity to CT and 
triplet states. It is worth mentioning that the energy of 
the adiabatic transition to the bright 1* state is not 
really affected by protonation, but its excited state life-
time is strongly reduced by three orders of magnitude 
from 700 ps to about 150 fs in keto Cyt. It is proposed that 
the * state decays without barrier towards low-lying 
charge transfer states. These CT states, 1nO* for keto 
CytH+ and 1nNH2* for enol CytH+, are the adiabatic mini-
ma of the excited state PES with 20 µs and 1.5 µs lifetimes 
at the BO of the 1* state of the keto and enol tautomers, 
respectively. A much longer lived component has been 
evidenced which has been assigned to the relaxation of 
the CT states through intersystem crossing to the lowest 
3* triplet state with lifetime in the order of 10 ms for 
both tautomers. For both CytH+ tautomers, the fragmen-
tation signals following UV excitation proceeds from 
repopulation of the ground electronic state. In enol 
CytH+, direct IC from the locally excited 1* has been 
evidenced and accounts for about half of the fragmenta-
tion signal. For keto CytH+, IC to the ground state from 
either the * state or from the CT state cannot be disen-
tangled from the experimental data, but ISC from the 
triplet 3* states accounts for about 50 % of the fragmen-
tation signal.  
These results provide benchmark experimental data for 
the complete dynamics of protonated nucleobases fol-
lowed over more than 10 decades which could thus be 
directly compared to multi configurational ab initio calcu-
lations in which vibronic couplings and singlet-triplet 
interactions can be calculated. Because protonated mole-
cules have the same closed-shell electronic configuration 
than in neutral analogues, these high-level calculations 
could be performed as well at the same cost. We believe 
that these experimental results could foster theoretical 
works to be done on protonated molecules. The energy- 
and time-resolved photodissociation experiment that we 
have developed provides the full time scale dynamics 
from the locally excited state towards the charge transfer 
states, the triplet states and the ground state that ulti-
mately leads to fragmentation. This unique experiment 
opens new areas for the precise knowledge of the photo 
physical processes in well-controlled molecular systems. 
The present results have focused on protonated cytosine 
and will be extended in the near future to the other nu-
cleobases and nucleotides.  
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